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Abstract 
Currently there are limited predictive modeling tools available for composite interventional catheter design. Most interventional catheter 
development involves iteration based design. Composite interventional catheters typically consist of a PTFE inner layer wrapped with a fine 
strand, metal reinforcement layer covered with a TPE (thermoplastic elastomer) outer layer. Fast reliable computational based techniques for 
early stage catheter design would limit the number of prototypes required to get to concept or design freeze stage therefore reducing 
development time. This paper’s goal is to examine how effective FEA is as a technique for predicting the performance of a composite catheter 
shaft.  The steps taken and challenges overcome in creating a configurable FE model for a spirally reinforced composite catheter are outlined. 
The paper presents Finite Element (FE) generated data for tensile yield.  This is a fundamental performance parameter in interventional catheter 
design. Catheters are designed to operate below their yield point. Models developed for simulating tensile yield can likely be adapted to 
simulate other performance characteristics such as flexural properties and torsion characteristics as part of future work. Data from FEA analysis 
is compared with data from physically testing catheters built to the same specification as that used in the FE model configuration. 
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1.0 Background: 
Interventional therapies are part of the growing trend towards less invasive techniques in modern clinical practice.[1-4] The 
common feature of the majority of interventional therapies is that they are catheter based.[5] Catheters have been defined as a 
tubular medical device for insertion into canals, vessels, passageways, or body cavities usually to permit injection or withdrawal 
of fluids or to keep a passage open.[6] Interventional catheters have evolved to become the most complex and sophisticated 
catheters in clinical use.[7-9] Generally, interventional catheters are ultra-thin, metal reinforced structures which feature multiple 
layers of different polymers. 
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In interventional catheter design, the functional requirements of the application allows the designer to identify the key 
performance requirements of the catheter.[10] Catheter design generally requires the simultaneous meeting of contradictory 
design requirements.[11, 12] As new therapies are developed or existing ones refined interventional catheter performance 
requirements become more demanding and more complex.[13-16] This means they take longer to develop, particularly with 
iteration based design approaches. There is a need for better tools and methodologies which leverage existing knowledge to 
predictive the performance of a proposed interventional catheter design. Such tools or methodologies could significantly reduce 
catheter development times. 
A predictive modelling framework has been proposed (as part of earlier work by some of the authors) to reduce time taken in 
early concept development for composite interventional catheter design and is shown in Figure 1.[17]  
 
Figure 1 Information flow and discreet steps of Predictive Model Framework for interventional catheter design.[17] 
Efficiently Translating the key performance requirements or user needs into measurable engineering requirements helps reduce 
time taken in reaching the initial concept (steps 1-3 of Framework in Figure 1).  The second key is an effective predictive 
modelling methodology that allows the performance requirements to inform or generate the catheter design inputs which will be 
used to build the prototype design. The work described in this paper explores the effectiveness of FEA as a tool for predicting the 
behaviour of catheters under different loading conditions.  The primary aim of this pilot study is to explore the potential benefit 
of using FEA to optimise tensile performance in composite catheter shaft design. If tensile behaviour can be successfully 
modelled other performance characteristics such as flexural properties and torsional behaviour are likely to be amenable to 
analysis using similar techniques. 
2.0 Finite element method. 
The finite element method (FEM) is a widely accepted numerical analysis technique for obtaining approximate solutions to a 
wide variety of engineering problems.[18] In FEM the field equations of mathematical physics are approximated over simple 
regions (triangles, quadrilaterals, tetrahedrons etc.) and then assembled together so that continuity is satisfied at the 
interconnecting nodal points of the domains.[19] The finite element method as used today is an outgrowth of a series of papers 
published in the 1950’s that extend the matrix analysis of structures to continuum bodies.[20] Gupta credit papers by 4 authors  
and a series of 3 papers from R.W. Clough for the ideas that formed the method with Clough being credited with naming the 
method.[19] In 2016 the FDA issued guidance on the reporting of computational modelling studies for medical device 
design.[21] Computer simulation and modelling in the area of vascular devices was examined by Morrison with a specific focus 
on FEM.[22]  
Over the last 20 year the importance of Finite Element Analysis in the development of Medical Devices has grown 
significantly.[23-25]  Speaking in relation to nitinol implants Rebelo suggested FEA was a method well suited to the needs of a 
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medical device designer in that the concept design could  be iterated without a physical prototype being built.[26] Erdemir 
pointed out that a universally accepted common model definition language for FEA analysis does not exist. [25] Erdemir also 
suggests current model related data exchange standards[27] may not be applicable to complex biomechanical FEA models. For 
reporting on FEA some general guidelines have been recommended.[28] Sharei looked at a number of computational approaches 
used to predict the behaviour of catheters and guide wires in the vasculature including FEA and specifically comments on the 
fact that despite its numerical stability FEA requires a very high computational effort.[29] FEA has been used widely in an 
attempt to simulate catheters and devices in the vascular system mainly for creation of physician training tools.[30-32] 
FEM has been described widely as a technique in relation to metal-based components in medical device literature.[12, 33, 34] 
Less literature is available in terms of interventional composite catheter analysis by FEM or other numerical analysis. No 
examples of coil reinforced composite interventional shaft were found. Braid reinforced (considered open mesh composite 
structures) examples are discussed below.  
An analytical model based on classical laminate plate theory (CLPT) was developed to predict the elastic properties of two-
dimensional fibre composite tubular braids in order to determine axial, flexural, and torsional rigidities for angiography catheters 
by Carey.[35] This paper’s objective was to demonstrate that a catheter could be designed with the appropriate properties to 
eliminate the requirement for a guide wire. While an excellent theoretical analytical model it has limited practical value for 
predictive modelling of thin walled metal reinforced composite catheters. This work was developed by Ayranci [36] again based 
on CLPT with a model that took curvature into account and was verified for closed mesh structures but where applied to open 
mesh composites, significantly over-predicted moduli values . Also, the materials used in the paper to build the composites are 
not reflective of materials used in interventional composite catheter manufacture. In the article, Ayranci specifically notes the 
lack of literature in relation to open mesh composites. 
Zhang applied FEM to examining the relationship between braid angle and flexural kink resistance of braided composite 
interventional catheters.[37] Shang[38] used FEM to compare the performance of standard and hybrid braid structures in terms of 
longitudinal stiffness independent of the inner and outer catheter composite layers. Hijikata used FEA to evaluate the radial 
strength and resistance to buckling of both stainless steel and tungsten braided catheter shafts.[39] While a clear step forward 
Hijikata’s modelling approach does not embed the reinforcement layer into the outer layer and omits the inner liner layer from 
the analysis. An example of FEM applied to an integral laminated composite catheter type structure such as those shown in 
Figure 2 was not found in the literature. 
 
Figure 2 Schematic representation of a coil reinforced composite catheter shaft (3.00 mm inner diameter with a 3.70mm outer diameter) 
3.0  Methods 
This paper explores the effectiveness of an FEA based approach to determining the tensile yield value for coil reinforced 
composite catheters.  
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3.1 Configuring the solid Models 
SolidWorks Version 19 was used to generate the configurable models for the coil reinforced composite assemblies. 
Configurations (a Solidworks feature) allow creation of multiple variations of a part or assembly model within a single 
document. This offers a convenient method of developing and managing families of models with different dimensions, 
components, or other parameters. This allows a model to be generated to a tailored specification using simple tables rather than 
developing individual models for each specification. Figure 3(a.) shows the design table with the inputs for each coiled catheter 
specification listed. Those inputs are used to generate the CAD model as shown in Figure 3(b.).  
  
Figure 3 (a.) Design Table with various input parameters listed. (b.) CAD Model generation with highlighted input parameter shown. 
3.2 Modelling the coiled reinforced composite catheter 
A model of a selected catheter shaft configuration was developed using Solidworks 19 and material properties assigned. A linear 
static analysis was then carried out to simulate a tensile test of this catheter configuration using Solidworks simulation. This 
catheter was fixed at one end and the other end was given a prescribed displacement that matches the displacement at yield of the 
same shaft configuration derived from physical testing (0.5% strain offset).   
The results of the simulation where then analysed to see if the yield stress of the material is reached or exceeded in the catheter 
shaft. As there is symmetry in the part the model is shortened to save on analysis time. To save on solution time a 9mm section 
of the catheter shaft was modelled and the simulation was run with a course mesh applied. A sub-model was then carried out of a 
1mm section in the centre of the larger segment with a finer mesh applied as per  Figure 4 below. The 1mm section was chosen 
to include at least 1 complete turn for the various configurations being analysed. All composite shafts were modelled with a 304 
stainless steel coil, a PTFE liner and varying durometers of Pebax outer layer. The modelling parameters are included in Table 1. 
All materials were assumed to be linear elastic isotropic. 
Table 1 Modelling Parameters used in the FEA Models 
 Materials  Elastic Modulus (MPa) Poisson's Ratio Density (Kg/m3) Yield Strength (MPa) 
AISI 304 190000 0.29 8000 206 
PTFE  504  0.42  2170  18 
45D Pebax 81 0.34 1010 9 
55D Pebax 165 0.34 1010 12 
72D Pebax 510 0.34 1010 26 
 
The boundary conditions of the physical tensile test are complex and unnecessary to model. Saint-Venant’s principle states that 
the local effects of a static load are dissipated the further away you move from the point of loading. Making use of this principle; 
analysis is of a segment of the shaft only and stress concentrations at the fixed points at either end are ignored. 
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Figure 4 9mm and 1mm Catheter models with coarse mesh and sub-model with finer mesh. 
Once the behaviour of the model matches the physical test and the principal stresses in the outer sleeve appear to be within 20% 
of the yield stress of the particular sleeve material the model was considered sufficiently accurate for the purposes of this pilot 
study. The same simulation method was then used to model two other shaft configurations which taken collectively are broadly 
representative the DOE. The results were analysed to see if the trends in model behaviour are consistent with the physical testing.  
 
  
Figure 5  (a.) Configuration 911-17 (b.) Configuration 911-2 (Supp).  (c.) Configuration 911-5 (Supp). 
The 3 coiled composite configurations shown in Table 2 were selected to represent the broad range of coil reinforced composite 
catheter designs being examined as part of the DOE. As can be seen in Table 2, outer materials, coil pitch and coil wire profile 
varies across the 3 selected configurations. The variations in coil pitch and wire thickness is represented visually in Figure 5. 
Table 2 Coiling configurations of the 3 coiled composite shafts modelled as part of this study 
Ref No Coil wire dim (mm) Pitch (mm) Outer Material Wall (mm) Liner 
911-17 .051*.178 .356 or (2X) Pebax 5533 .254 PTFE 
911-2 (supp) .038*.127 .286  or (2.25X) Pebax 4533 .279 PTFE 
911-5 (supp) .038*.127 .254 or (2X) Pebax 7233 .229 PTFE 
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4.0 Results 
Three simulations were carried out on the configurations detailed in Table 2 and are shown in Figures 6-8. The images show a 
segment of the Pebax sleeves only as this is the area where yielding occurs in the model.  
Figures 6-8 show the principle stresses on a cross section of the Pebax outer sleeve. The behaviour of the model in each case is 
similar with yielding occurring at the outside of the protrusions naturally formed between the wire turns. This is evident in Figure 
9 which shows the second principal stress for a 911-15 configuration. 
 
Figure 6  Configuration 911-17  (5533 Pebax)  
 
Figure 7  Configuration 911- 5 (Supp) (7233 Pebax) 
 
The yield stresses for the Pebax materials in figures 7-9 are 12 MPa, 26 MPa and 9 MPa respectively as given per material 
manufacturer’s guidelines (Arkema).[40]. In each case localised stress concentrations in excess of the yield strength of the 
material can be seen. Based on review of figures 7-9 it’s clear significant yielding of the sheath has occurred. This behaviour is 
consistent with yielding behaviour in physical testing.  
 
Figure 8  Configuration 911-2 (supp) (4533 Pebax) 
 
Figure 9  Second principle stress   
 
In order to check the accuracy of the simulations the reaction forces of the models were also checked against the force at yield 
(0.5% strain offset) from the physical testing. The results of this are shown in Table 3 below. 
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Table 3  Comparison of physical testing versus simulation results for each of the 3 coiled catheter configurations. 
Configuration 911-17 911-2 Sup 911- 5 Sup 
Physical Testing (0.5% offset) (N) 27.8 20.5 39.3 
Simulation (N) 29.5 20.8 47.0 
Percentage error 6.1% 1.5% 19.6% 
 
5.0 Discussion and future work 
The first principle stress shown in the model has exceeded the yield stress of the Pebax material in each case and yielding of the 
model will occur at a lesser displacement than was determined from the physical testing, however there are consistencies in the 
location of stress concentrations and intensities that may be useful in predicting behaviour of the catheter shaft. The results of 
configurations 911-17 and 911-2 Supp align closely with the physical testing with percentage errors of 6.1% and 1.5% 
respectively. The results of configuration 911-5 Supp is also within 20% of the physical test.  A value of +/-20% has been used 
as an acid test for utility in terms of acceptable accuracy for early stage design in previous work using design of experiments 
(DOE) based predictive models for catheter design.[17] This value of +/-20% is based on AIAG guidance for measurement 
system analysis.[41] 
There are some aspects of the model geometry that may also cause artificially high stress concentrations; in particular the sharp 
edges of the protrusions of the sleeve and the sharp edges of the coils. Refinements to these aspects of the model would help with 
future simulation. Including non-linear material behaviours to allow localised yielding of the Pebax may better represent the 
actual tensile behaviour and a dynamic analysis would be useful in producing a stress strain curve that could be compared to the 
physical testing. The values used for yield stress are general and not representative of the actual lot used in physical testing. This 
will be a source of error in terms of the simulation. Tensile properties of extruded Pebax material is likely strongest in direction 
of testing. The modelling assumption that the material is Isotropic may not be valid. Tensile testing of extruded tubing could be 
carried out in order to reduce this source of variation.     
An analysis that includes bonding formulas to better simulate the attachment of the PTFE to Pebax and Pebax to coil would be 
interesting. The PTFE surface layer is etched to allow adhesion to the outer Pebax layer. The efficacy of this etched layer is 
affected by several factors such as light and moisture exposure and age and the effect of this bond may be better understood with 
this kind of analysis. Based on the progress made in developing simulation models for tensile behaviour there is confidence 
similar approaches can be applied to other test conditions. These would potentially include flexural and torsional testing. 
6.0 Conclusion 
The initial work carried out to date demonstrates that FEA has potential as a tool for predictive modelling for composite catheter 
design. The behaviour of the simulation in the pilot area of tensile behaviour shows close similarity to the physical testing.  The 
percentage error on each of the 3 simulations was within the +/-20% value that was used as the acceptance criteria for the study. 
Significant sources of error in the model have been identified as; the assumption of linear elastic and isotropic material 
behaviour, the assumption the manufacturers material properties match properties of samples tested, artificial stress 
concentrations from the model geometry and the bonding conditions of the composite shaft. Refinements have been identified in 
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